Summary. Studies on the developing mouse pancreas indicate that neuroectodermal cells from the neural crest, identifiable by their APUD-FIF characteristics, colonize the foregut at sround the 10th day. Carried into the pancreatic anlagen, their primitive p]eomorphic granules are progressively replaced by spherical granules which are ultimately (around 16 days) identifiable as of A, B or D type. --Insulin and glucagon are first demonstrable, by immunofiuorescence, at the 14th day, at which time zymogen granules are detectable by electron microscopy.
Introduction
Numerous and extensive studies on different aspects of the development of the mammalian endocrine pancreas have been made since the pioneer work of Laguesse (1869) [1] . These studies (e. g. Hard, 1944 [2] ; MeAlpine, 1951 [3] ; Ferreira, 1957 [4] ; Frye, 1957 [5] ; Munger, 1958 [6] ; Esterhuizen, 1959 [7] ; Golosow and Grobstein, 1962 [8] ; Grille, 1964 [9] ; Hellman, 1965--66 [10] ; Pictet, Clark, Renold, Williams and l~utter, 1968 [11] ; Wessel]s and t~utter, 1969 [12] ; Perrier, 1970 [13] ; Spooner, Walther and Rutter, 1970 [14] ; Pictet, Levine, Phelps and Rutter, 1971 [15] ) have produced a mass of controversial findings. There is, however, universal acceptance of the view that, whatever their subsequent behaviour or degree of autonomy, the majority of endocrine cells of the islets are derived from the duct epithelium. As the sole exception it is conceded by some that acinar-insular transitions may also occur.
On the other hand it has been shown in the mouse embryo that cells possessing the main characteristics of the APUD series (Pearse, 1969) [16] which develop, ill the various tissues of the adult, into fully functional endocrine polypeptide cells, arise from the neural crest. Cells derived from this structure have been shown to invade the pharyngeal tube and its pouches (to give rise to the caleitonin-secreting C cells (Le Donarin et al., 1970 [17] , Pearse and Polak, 1971a [18] ) and the carotid body type i cells (Le I)ouarin et al., 1972 [19] ) inter alia. Neural crest cells also have been shown to colonize the foregut and its derivatives including the pancreas (Pearse and Polak, 1971b [20] ).
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In the adult state three distinct cell types, which can be distinguished by staining, cytochemical and ultrastructural techniques, have been identified as the source of the three known polypeptide hormones of the pancreas. These are the B cell, first shown conclusively to contain insulin by Lacy and Davies (1959) [211, the A cell shown by Bantu, Simons, Unger and Madison (1962) [22] to contain glucagon and the D cell, identified as the source of gastrin by Lomsky, Langr and Vortel (1969) [23] .
All these cell types possess the cytochemical and ultrastructural characteristics of APUD cells. There is, however, a gap in continuity between the APUD cells from the neural crest which invade the foregut and are carried into its derivatives, including the developing pancreatic diverticula, and the fully differentiated hormone-secreting cells of the adult islets.
Our present investigations involve the application of immunofluorescence, eytoehemical, ultrastructural and electron eytochemical techniques to the earliest stages of pancreatic development. They were carried out primarily in order to provide information on the transitional period between the early embryo and, effectively, the adult state. Our objectives were thus to detect the first appearance of the three hormone-containing cells, and to determine their relationships to each other and to the primitive endocrine cell of the gut wall, already shown to be derived from the neural crest. Not possessing an anti-gastrin serum capable of reacting with murine gastrin, we were obliged to confine our immunofluorescence studies to the two best established hormones, insulin and glucagon. Ultrastructurally, however, we could follow the three cell types individually.
Material and Methods
Seventy-two embryos from 11 pregnant CSI albino mice were studied. Gestation was terminated at periods from the 10th to the 19th day and the age of each embryo verified from the external features present using criteria established by Griineberg (1943) [24] . Where possible the pancreas was dissected out (from 14 days onward) otherwise the pancreatic region was fixed as a whole.
Optical Microscopy. The pancreas (from 39 embryos between 10 and 19 days old) was fixed in methanol-free formaldehyde (MFF), as described by Polak, Bussolati and Pearse (1971) [25] , for histology, eytoehemistry and immunofluorescenee. In addition to staining with haematoxylin and eosin, the Masson-Fontana method (Pearse, 1972) [26] was used to distinguish enteroehromaffin granules. For A cell granules we used the silver method of Grimelius (1968) [27] , for B cell granules the aldehydefuehsin technique (Gomori, 1952) [28] , and for the D cell granules the Davenport method (Hellerstr6m and Hellman, 1960) [29] .
Immunofluorescence. Blocks from the pancreatic region (up to the 14th day) and from the whole pancreas (14th day onwards) were fixed in MFF, dehydrated in gradient aleohols, cleared in xylene and embedded in 56 ~ paraffin wax. Sections (5 Bin) were cut and mounted on glycerine-albumin coated slides and allowed to dry at 37 ~ overnight. They were then dewaxed in light petroleum and indirect immunofluorescenee techniques (Coons, Ledue and Connolly, 1955) [30] were carried out.
The first layer was either rabbit anti-porcine glueagon antiserum (Polak, Bloom, Coulling and Pearse, 1971) [31] or guinea-pig anti-porcine insulin antiserum (Welleome). The second layer was either goat anti-rabbit IgG labelled with fluorescein isothioeyanate (ttyland) or fluoreseeinlabelled rabbit anti-guinea pig IgG (I-Iyland). Controls included, 1. antiserum absorbed with the pancreatic antigen, followed by the second layer, 2. normal rabbit or guinea-pig serum followed by fluoreseein-labelled antiglobulin and, 3. second layer alone.
Sections were observed with a Laborlux microscope fitted with a quartz-iodine lamp or with a Zeiss (Oberkochert) microscope and HB2O0 mercury vapour lamp. Photographs were taken on Ilford FP4 film.
Electron Microscopy. Blocks from younger embryos, containing the pancreas, and small pieces of the pancreas from older animals, were fixed in 3~o glutarMdehyde in 0.iN phosphate buffer (ptI 7.2) for at least 3 h. After fixation the tissue was washed out for 2 h in several changes of 0.1M phosphate buffer (pH 7.2) containing O. 1 M sucrose. They were then post-fixed in 1 o/o osmium tetroxide in Millonig buffer (pH 7.0) for one hour. After dehydration in ascending grades of ethyl alcohol, and two ehanges in propylene oxide, the blocks were left overnight at 45 ~ in a mixture of AI"aldite resin, hardener and dibutylphthalate. They were then embedded in Araldite mixture with BMDA acceleration and polymerized at 60 ~ The blocks from the younger embryos were embedded flat in polythene embedding trays and the others in capsules in the usual manner.
Blocks of whole pancreatic region were trimmed on an LKB Pyramitome until the area of the pancreas was reached, this being found by staining 2 Bm sections with Toluidine blue in 3 ~o borax. The blocks were then trimmed to a pyramid containing the pancreatic region and ultrathin sections were cut on an LKB Ultratome III microtome. Sections from blocks of pancreas from older animals were also cut on this instrument. All sections were stained with 15~ uranyl acetate in methanol, followed by lead citrate. They were viewed in an AEI EM 6B microscope.
Electron Cytochemistry. In order to provide positive correlation between the DOPA-uptaking, dopamineloaded APUD cells of neural crest origin, demonstrated by the APUD-FIF method (Pearse and Polak, 1971 b) [20] , and the potymorphic granulated primitive endocrine cells observed in electron micrographs of foregut epithelium and pancreatic rudiment, a Masson-Fontana silver reduction method was applied in the following manner: The pancreatic region from young embryos or the panereatic glands from older embryos, removed from mothers who had received intraperitoneal doses of 3,4-dihydroxyphenylalanine (1O0 mg/kg) 2 h previously, were fixed ~or 3 h in 3O/o glutarMdehyde in 0.1M phosphate buffer at pI-I 7.2. Avoiding post-fixation in osmium tetroxide, blocks were then processed and embedded in Araldite as described previously.
Ultrathin sections were cut and placed on nickel grids which were then floated on an ammoniaeal silver solution for 1 to 4 h (optimum time 2 h) at 60 ~
The solution was prepared as follows: Strong ammonia was added dropwise to a 10 ~o solution of silver nitrate until the precipitate first formed was redissolved. Fresh silver nitrate solution (10~o) was then added until an opalescence appeared and persisted. To each volume of this 9 volumes of distilled water were added. Grids were then rinsed in distilled water, fixed for 30 see in 1 ~o sodium thiosulphate, rinsed again and airdried before viewing in the AEI EM 6B microscope.
Control sections from embryos of the same age whose mothers had not received 3,4-dihydroxyphenylalanine were exposed to the silver solution simultaneously. In addition, parallel sections of test and control blocks were stained in the conventional manner.
Results
The development of the endocrine pancreas could be divided into three stages, the first from day 9 to day 14, the second from day 14 to day 16, and the third from day 16 onwards. Our results were mainly confined to the first two stages.
Day 10 to Day 14.
Sections of the primitive gut at the level of the presumptive pancreatic diverticula (9--10 days) showed amongst the epithelial cells of the wall of the intestine, numerous clear cells (Fig. 1) . Electron micrographs at this stage revealed endocrine ceils of a single type (Fig. 2) , containing pleomorphic, moderately electron dense granules. The cell form was often elongated with an apical process reaching or almost reaching the lumen.
Formation of tile dorsal pancreas was observed to commence at about the 1 lth day by the bulging outwards of a group of cells in the upper wall of the intestine. This bulge gave rise to a plump diverticulum closely apposed to and surrounded by condensed mesenchyme (Fig. 3) . At this stage (11 days) all specific granule stains were negative, as were the immunefluorescence reactions for both insulin and glucagon. As shown in Fig. 3 , however, the APUD (Amine Precursor Uptake and Decarboxylation) characteristics of the primitive endocrine cells were readily demonstrable by their formaldehyde-induced fluorescence.
At the electron microscope level the undifferentiated cells of the pancreatic rudiment were observed to be round or oval in shape, with dense cytoplasm containing numerous free ribosomes (Fig. 4) . Some of the
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Diabetologia cells contained secretion granules of endocrine type, moderately electron dense, irregular and predominantly nonspherical in shape, and surrounded by a closely attached membrane. Not infrequently mitoses could be observed in these primitive endocrine polypeptide cells.
Between day 12 and day 14 the pancreatic rudiment was observed to grow continuously. Optical microscopy revealed numerous branching cords of primitive cells with occasional glandular lumina (Fig. 5) . Specific granule stains and both immunofluorescence reactions remained negative. Ultrastructural studies showed a cilium. According to Mnnger (1958) [6] cells with these characteristics were to be regarded as B cells. A further feature of interest was the large number of coated vesicles, clearly shown in Fig. 6 . Day 14 to Day 16. The second stage in the development of the endocrine pancreas begins on the ]4th day with the onset of islet formation. From day 14 to day 16 insulin-producing and glucagon-producing cells were found either singly or in small clusters (islets). Their granules now had the characteristic appearance found in the adult pancreas and specific staining methods could be carried out successfully. Immunofluorescence for both insulin higher proportion of cells containing endocrine-type secretion granules and the latter were more electron dense, with a visible limiting membrane and sometimes a halo in addition (Fig. 6) . Intermediate forms could be seen between the primitive undifferentiated endocrine granules and more mature forms, recognizable as A or B granules. Very often, but not invariably, the granulated endocrine cells were less dense than their undifferentiated companions, some of which presumably were destined to form duct epithelium. In some of the primitive endocrine cells there were very numerous mitochondria, a prominent Golgi region, much fibrillar material and, sometimes, a ( Fig. 7) and glucagon ( Fig. 8) became positive on the 14th day. Despite repeated efforts we could never show either hormone at an earlier stage than this. Between the 14th and 15th days zymogen granules became numerous in the epithelial cells of the ducts. Endocrine cells with mixed pleomorphic and adult type granules were still visible. By the 16th day the pres-enee of three types of endocrine cell (A,B,D) could clearly be demonstrated. The predominant endocrine cell, the B cell, situated especially in the centre of the islets, was eharaeterised by the presence of secretory granules (average diameter 500 nm), with a highly electron dense eccentric core (280 nm) and a prominent halo (Figs. 9 and 10 ). Its cytoplasm was normally darker than that of the other endocrine cells, containing numerous mitochondria, free ribosomes, and a prominent Golgi region. The second type of cell, the A cell, possessed equally electron dense but smaller granules (up to 250 nm, average diameter 190 nm) with a conreducing enterochromaffin cells. Both the pleomorphic endocrine granules in the earliest embryos from DOPAinjected mothers, and the round granules from later stages, were shown to be positive with the MassonFontana method. This indicates that they contain a silver-reducing aldehyde condensation product, derived from the uptake of DOPA and its subsequent decarboxylation and storage as the amine. Hence it follows that they can be correlated absolutely with the cells showing formaldehyde-induced fluorescence after I)OPA uptake, which are illustrated in Fig. 3 . The evidence of the two methods, taken together, is con- Fig. 3 . Mouse Embryo 10-11 days. Processed by the APUD-FIF technique. Shows the presumptive dorsal pancreatic rudiment, surrounded by condensed mesenchyme, in which several fluorescent endocrine (APUD) cells can be seen.
• 340 eentrie core and a slender halo (Fig. 10 ). This halo was sometimes lacking altogether. The third cell type, the D cell, was eharaeterised by small granules (average diameter 150 nm) of variable electron density (Fig. 10) , mainly round but often still pleomorphie (Fig. 9 ). Specific staining techniques for A, B and D cells gave much clearer results in the third stage of development, after the 16 th day. At the beginning of the third stage (16--17 days) immunofluoreseence reactions showed the A cells, and the B cells in their normal adult distribution in the islets.
When the Masson-Fontana method was applied to tissues from embryos from uninjeeted mothers at no time, in any stage of the development, was a positive result obtained. This indicates, within the limits of the method, that the primitive endocrine cells with pleomorphic granules are not to be regarded as silversidered to indicate that, the primitive endocrine cells identifiable by electron microscopy are to be regarded as coming front the neural crest.
Discussion
We have followed the development and differentiation of the endocrine cells of the pancreas from their earliest stages until the stage of cellular maturity at, around 16 days. Our findings can be compared with those of other workers by reference to Table 1 .
With regard to the development of the islets it can be seen t h a t we are in general agreement with the majority opinion while our observations place the origin of the zymogen granules much earlier than previously recorded. From the table it can also be seen that there are variable opinions on the A cells. There is one recording of their appearance earlier than noted by us. This paper (Pietet et al., 1971) [15] claims the detection of A cells containing secretory granules "at the onset of organogenesis".
The earliest observation of B cell granules is another area of wide disagreement but for the D cell no record other than our own has appeared up to the present time.
Broadly speaking we conclude that in relation to the origin of the (dorsal) pancreas at around the llth day there is a period of 3--4 days when the primitive component is responsible for the adoption and maintenance of the more usual spherical form of endocrine granule. It would seem most likely to be connected with the type or amount of membrane and/or matrix lipoprotein synthesized by the cell. An alternative hypothesis would connect it with the nature of the granule contents or with the proportions therein of hormone, hormone precursor, and matrix. If either hypothesis is correct it follows that adult endocrine cells with non-spherical grannies must be regarded as less than fully differentiated, perhaps even as potentially transitional. [5] ----Rat Grillo (1964) [9] 13 --
Rat and Mouse
Esterhuisen (1959) [7] ----Rat Wessels and Evans (1968) [59] - endocrine cells, which are dividing very rapidly, mostly contain only pleomorphie granules. Transitions between pleomorphie and round granules are readily observed but it remains difficult to identify the latter confidently as A or B until around the 14th day.
Transition from the cell with pleomorphic granules to a fully differentiated endocrine cell is dearest in the case of the D cell since intermediate forms are still present at 16 days. Our identification of the pleomorphie granule as the primitive form requires further elucidation. In the adult mammal or bird granules of this type are found in the enteroehromaffin cell of the gastrointestinal tract and, in some eases, in the noradrenalin cells of the adrenal medulla. We do not know precisely what We failed to observe transitional forms between acini and islets. Many workers have found no evidence of this transformation (Bensley, 1911 [32] ; Liegner, 1932 [33] ; Rathery et al., 1938 [34] ; Gomori, 1941 [35] ). Others have maintained that the relationship between islets and aeini is dynamic rather than static and that conversion of aeini into islets and vice versa does occur under functional stimuli, even in the adult (Laguesse, 1905 Simard, 1942 [45] ). In many of these papers morphological evidence for aeinar-insular conversion is lacking while the lack of complete delimitation of the islets by a connective tissue capsule and the apparent continuity of the two components is taken by many observers as evidence of transition. Pieard (1935) [40] claimed to have observed all stages of the formation of islet cells from aeinar cells by a process which he called endoeytogenesis. This consisted of the formation of a daughter cell within the aeinar cell and of its extrusion as a functioning islet cell.
Evidence derived from electron microscopy provides undoubted examples of cells containing zymogen and endocrine-type granules. Stoeekenius and Kraeht (1958) [46] found exoerine and endocrine granules in the same cell in normal rat pancreas and Gusek and rat pancreas regenerating after subtotal removal Marx, Sehmidt and Goberna (1970) [52] observed "light cells" migrating from the duets to form both A and B cells. They concluded that "obviously the new formation of islets takes origin from certain cells of the duetular system". In a further paper Marx, Sehmidt, Herrmann and Goberna (1970) [53] reported that they could find no "proof of formation of new functioning beta cells by a transformation of acinar cells". In explanted rat pancreas grown in vitro, on the other hand, Brown et al. (1971) [54] found islet cells in the wails of small duets and numerous examples of aeinar- Kraeht (1959) [47] confirmed the existence of aeinoinsular transformations in cortisone-treated animals.
In the frog, Rana ridibunda, mixed granule cells were recorded by Lange (1968) [48] following their earlier description in the toad by Kobayashi (1966) [49] and Prieto-Diaz et al., (1967) [50] . In the developing pancreas of the chick Dieterlen-Litvre (1965) [51] observed, in 21 day-old embryos, cells containing mixed granules of different types (zymogenq-A; zymogen -~ B ; zymogen + A q-B ; and A q-B). In the islet transformation. Furthermore, Leduc and Jones (t968) [55] found electron microscopic evidence for aeinar-islet cell transformation in the mouse pancreas, and Melmed, Benitez and Holt (1972) [56] described these transformations in the pancreas of a wide variety of animals. If we consider the contrary view, that the endocrine cells of the pancreas are derived from the migrating APUD cells of the neural crest, a number of alternatives exist. A priori there are three possibilities for . Mouse Embryo 13 days. Shows p a r t of a n endocrine cell in t h e developing pancreas. The granules are m a i n l y spherical, some resemble A granules b u t others are pleomorphic. A p r o m i n e n t Golgi region a n d m a n y coated vesicles can be seen. Lead e i t r a t e -U r a n y l acetate.
• 12000 Fig. 7 . 2VJouse Embryo 14 days. I n d i r e c t t e c h n i q u e for immunofluorescence. A n t i -h u m a n a n d porcine insulin sera react w i t h B cells in t h e n o w recognizable islets.
• 300 Fig. 8 . As Fig. 7 . Anti-porcine glucagon sera react w i t h A cells in t h e definitive islets a n d also in t h e ducts. Single cells are found outside these situations.
• 300 the clear cells illustrated in Figs. 1 and 2 , and for the dopamine-fluorescent cells in Fig. 3 . Either they are arising from the gut epithelium and remaining in situ, or they are arising from the gut epithelium and going out, or they are arising outside the epithelium and coming in. We consider that there is sufficient evidence available to support the third deduction. If this is accepted then clearly there remain three more possibilities :
necessary to assume that the colonizing neural crest cells die out, having perhaps first induced endocrine differentiation in the duet cells. The finding of dopamine labelled endocrine cell granules in the developing pancreas and of cells containing both the primitive pleomorphic granules characteristic of the neural crestderived APUD cells and spherical granules of specific endocrine type, is sufficient to make this supposition unlikely. • 10000
Our views on the second assumption are expressed in the diagram (Fig. 11) where the undifferentiated endocrine cells from the neural crest are shown (as clear cells) already in situ in the gut epithelium at the stage when the pancreatic anlagen are forming. Is there then sufficient evidence to warrant the assumption that all pancreatic endocrine cells are neuroectodermal, and thus lodgers in the duct epithelium. The answer at present is probably no, since the next Diabetologia step from the proven neural crest origin of the primitive endocrine cells has had to be made by ultrastrucrural criteria alone except for the eytoehemical evidence of continuity between the APUD cell and at least one of the emdoerine cells with round granules.
We cannot yet dismiss, therefore, the third assumption, and the possible derivation of some endocrine cells from true duet epithelial (entodermal) cells. 
